Abstract. A method of using laminar (capillary) flow models for synthesizing the infiltration process on physical hydrologic models is described. The equations defining laminar flow in capillary tubes and between parallel plates were derived for several different geometric configurations representing horizontal, vertically downward, vertically upward, and radial flow. The theoretical equations for the different configurations are shown to be analogous in functional form to the theoretical and empirical infiltration equdtions used to define the time variation in the infiltration rate of a soil. The results from several tests conducted on capillary tubes were in close agreement with those obtained from the theoretical equations. Thus it was concluded that capillary flow models can be used to synthesize the infiltration process on physical models.
During the past few years several investigations have been conducted on the use of physical models to study hydrologic processes such as watershed runoff and overland flow. Most of these studies have used geometrically similar, scaled 'solid' models of the prototype system constructed from plexiglass, fiberglass, or other impervious materials [Mamisao, 1952; Chery, 1965; Grace and Eagleson, 19671 . Such studies have shown that physical modeling of the rainfall-runoff process is feasible when losses are not of major importance. When losses are significant, however, the application of physical models to the study of hydrologic systems has been inhibited because of the difficulty of synthesizing or simulating the 'loss' process. Eagleson [I9691 indicates that since losses cannot be modeled, their indirect effect on flow dynamics will be absent in the model. I n certain cases, however, their effects can be accounted for by making approximate corrections to the modelforecast output.
I n most natural hydrologic systems the infiltration process plays a predominant role. Water that infiltrates the ground may be considered a loss in terms of surface runoff or a gain in terms of soil moisture and groundwater supply. Several methods have been tried to synthesize this process on physical models: (1) drilling small holes in the material so that the fluid (usually water) may be drained off; (2) scaling the precipitation rate to account for both the spatial and the time variability of the soil infiltration rate (a technique that usually causes droplets to form on the model a t a low precipitation rate (high infiltration) because of the effects of surface tension); or (3) covering the model with some absorbent or porous material. To the author's knowledge, none of these methods of synthesizing the process have proved completely successful. Thus any method that would allow the synthesizing infiltration on a physical model would be extremely valuable in studies of hydrologic systems. where s, y, z, rectangular Cartesian coordinates in which the s axis is coincident with the center line of the tube and positive in the direction of flow; p, pressure intensity at a point in the tube; p, density of the fluid; g, acceleration due to gravity; h, elevation to a point in the tube as measured from a horizontal datum; fi, dynamic viscosity; u, velocity component in the s direction. The pressure intensity will vary in the axial direction as the result of viscous shear and change in elevation. However, it must be hydrostatically distributed over every normal cross section of flow.
The solution of equation 9 expressed as the mean velocity of flow in the x direction is:
where V is the mean veIocity of flow and d is the diameter of the tube. Since the mean veIocity V is constant, the potential gradient is likewise constant and may be expressed as ( Figure 1 ) : entrance or at the front of the model is a negIigible.
-( P + P S~) 3. The inertial force produced by deceIeraa x tion of the flow is small and therefore
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Ha (the negative capillary head a t point B) is taken as (-H,), then the average velocity of flow can be expressed as
If the capillary head is assumed equal to the equilibrium height of rise of a fluid in a vertical capillary tube, then The theoretical equations of laminar, capillary flow for several different geometric configurations are summarized in Table 1 . The procedure used in developing these equations was similar to that outlined in deriving the equation of flow into a horizontal capillary tube. For additional details of these theoretical derivations, the reader is referred to the work of when they are inclined upward, I#I is negative. 1. When the tube or parallel plates are in-2. When the tube or the parallel plates are clined downward from the horizontal, the horizontal (4 = 0), by expanding the logarithmic term or using the l'H6spital rule, one can reduce the equations t o those describing horizontal flow (e.g., equations 19 and 20).
I t is important that the versatility of laminar flow models be recognized. For example, it has been shown that flow into horizontally placed capillary tubes may be expressed by a n equation of the form M = ktYa, which is analogous to an idltration equation of a similar form. I n addition, the value of k is a function of factors such as the tube diameter, the liquid head a t the entrance, and the density, viscosity, surface tension, and contact angle of the fluid. Because of these factors a wide range of flow rates may be obtained in a given model by changing the properties of the fluid without having to change the physical dimensions of the model.
Similarly flow through anisotropic soils may be synthesized with the models by changing the size of the tubes, the spacing of the plates, or the angle of inclination of either.
SIMILITUDE CRITERIA
The relationships given by equations 20,22, 24, 26, and 27 (Table 1) 
Upward flow. The infiltration equation for upward flow can be synthesized by using the same method described for downward flow. Siilarly it can be shown that the conditions of similitude are also those given by equation 33.
Horizontal radial flow can be simulated by using two horizontally placed parallel plates to which fluid is supplied at a constant head at the center (Table 1 ) .
EXPERIMENTAL RESULTS AND DISCUSSION
Several experiments were conducted in the laboratory to test the theoretical equations describing flow in horizontal, downward-inclined, and upward-inclined capillary tubes. I n each trial the length of advance of the fluid in the tube was measured with time.
Prior to conducting the tests the average diameter of each capillary tube was determined by filling it with mercury and measuring the length and weight of the column in the tube. The average diameter was calculated by using --the specific weight of mercury, the tube being assumed circular. All tests were conducted on dry tubes by using glycerine (about 93% concentration) as the fluid. The viscosity was measured a t the beginning and end of each test. The term 4acosO/pgd, used in (19) and (20), war evaluated by measuring the height of glycerine rise in a, vertical tube at equilibrium.
Horizontal flmo. The results of a test conducted on a capillary tube placed horizontally are plotted in Figure 3 . Although these results were obhined from a single test, they exemplify a pattern found in numerous other tests conducted on different tubes a t different, heads [Lin, 19671. As shown in Figure 3 , the agreement between theoretical and experimental curves is good. However, the fact that the experimental points fall below the theoretical l i e indicates that the measured length of advance in given time was less than that calculated. This discrepancy was attributed to possible errors in the basic assumptions underlying the theoretical equation:
1. Although the energy loss in the fluid on entry into the tube and the effect of the inertial force of the mass of fluid in the tube during deceleration were assumed to be negligible, they were of sufficient magnitude to affect the flow regime. 2. The head produced by the surface tension force may not be taken as equal to that at the equilibrium condition in a vertical tube (particularly at times shortly after entry of the fluid into the tube).
The slope of the fitted line was found to be statistically different (at the 1% level) from the theoretical vahie of 1/2 Differences were also found in the slope values obtained from repeated tests on the same tube under constant head. In part, the statistical differences may be attributed to the small variance in the points from the fitted line.
Downward flow. The results of tests conducted on capillary tubes inclined downward are plotted in Figure 4 . In general the experimental and theoretical data are in good agreement. I n addition note that the curves tend to shift to the LIN AND QRAY left and become more concave as the angle of the National Research Council of Canada to supinclination of the tube increases; that is, the port this study. length of advance of the fluid increases ex-REFERENCES ponentially with the angle of inclination.
Upward flow. The results of tests conducted on capillary tubes inclined upward are plotted in Figure 5 . The experimental points are in close agreement with the theoretical equation. I n addition a s the angle of inclination of the tube increases, the curves tend t o exhibit a more convex shape. This relationship suggests that the length of advance of the front in a given time decreases exponentially with the angle of inclination.
SUMMARY AND CONCLUSIONS The equations defining laminar flow in capillary tubes and between parallel plates were developed for several different geometric configurations: horizontal, downward-inclincd, upward-inclined, and radial flow. These configurations were selected because of their similarity to systems in the movement of water through soils.
Comparing the theoretical equations with experimental data obtained from laboratory tests revealed that :
1. I n general the experimental data were in close agreement with the theoret.ica1 equations.
2. Various geometric configurations may be selected b y using capillary tubes and parallel plates that provide functional relationships analogous to the basic infiltration equations. Therefore these laminar flow systems may be used to synthesize infiltration on physical models.
